Inter-chain transacylation of D-alanine ester residues of lipoteichoic acid: a unique mechanism of membrane communication* 
U. S. A.
Lipoteichoic acid is an important example of an amphiphile that appears to play a vital role in bacterial growth. A number of functions have been ascribed to this polymer. These include the regulation of autolytic enzymes, the binding of Mgz+ for enzyme function, and the assembly of wall polymers. One of the key components which has been proposed to modulate these functions is the substituent D-alanine. James Baddiley and his co-workers discovered that this amino acid is an important component of most teichoic acids (Armstrong et al., 1959) . Thus, esterification of teichoic acids by D-alanine may be an important step in controlling the function of this polymer in wall assembly.
In Lactobacillus casei the incorporation of D-alanine into lipoteichoic acid is accomplished in a two-step reaction sequence. The first step of this sequence was discovered in 1960 when Baddiley & Neuhaus showed that a variety of Gram-positive organisms have the ability to activate Dalanine. The second step of this sequence was not detected until Reusch & Neuhaus (1971) recognized that the incorporation of D-alanine into teichoic acids in vitro required the endogenous membrane teichoic acid to act as acceptor. All attempts to demonstrate the incorporation of D-alanine into isolated wall teichoic acid proved to be elusive and it was reasoned that the teichoic acid has to be intimately associated with the membrane in a particular conformation or environment (Neuhaus et aZ., 1974) . On the basis of this hypothesis a system for the incorporation of D-alanine into membranes was found that required both a supernatant fraction and ATP, and was stimulated by metal ions. Linzer & Neuhaus (1973) showed that the supernatant fraction could be replaced by the D-alanine-activating enzyme and a protein factor designated D-alanine: membrane acceptor ligase. L. casei was chosen for these experiments because, firstly, it has a high concentration of the Abbreviation used: LTA, lipoteichoic acid. *Dedicated to Sir James Baddiley.
activating enzyme (Baddiley & Neuhaus, 1960) and, secondly, it has only membrane teichoic acid and no wall teichoic acid. The structure of this teichoic acid, now known as lipoteichoic acid (LTA), is shown in Fig. 1 . Keleman & Baddiley (1961) showed that this teichoic acid is composed of poly(g1ycerophosphate) substituted with D-alanyl ester residues. determined that the glycolipid moiety is the trihexosyl diglyceride, Glc(0 1 -6)Gal(al-2)acyl+6Glc(al-3)diacylglycerol.
The poly(g1ycerophosphate) moiety of this LTA is 37-44 units in length .
The characterization of the membrane acceptor in the D-alanine incorporation system was greatly facilitated with the specific enzymic degrading system containing phosphodiesterase II/phosphatase isolated from Aspergillus niger. This combination of enzymes discovered by Schneider & Kennedy (1978) removes sequentially the glycerol phosphate units from the distal end of LTA (Childs & Neuhaus, 1980; Fischer et al., 1980a) . The isolation of D-alanyl-glycerol from the membrane acceptor by this procedure, the immunoprecipitation and characteristic gel filtration of the alanylated product, and chemical analyses provided convincing evidence that the acceptor in the incorporation system is in fact the poly(g1ycero-phosphate) moiety of LTA (Childs & Neuhaus, 1980) . Thus, in L. casei the incorporation of D-alanine into LTA is accomplished in the following two-step reaction sequence:
To provide a better understanding of this sequence, intermediates were sought that might participate in the incorporation of D-alanine or in the assembly of the poly-(glycerophosphate) moiety. A series of membrane-associated lipophilic compounds which contain ester-linked D-alanine were detected in membranes of this organism (Brautigen et al., 1981) . Characterization of these compounds indicated that they are D-alanyl-LTA with short chains of glycerol phosphate. Fischer et al. (1978) described a series of glycerophosphoglycolipids similar to these lipophilic compounds. One of those isolated from Bacillus licheniformis is D-alanyl-glycerophosphoglycolipid (Fischer, 1982) .
Based on their ability to partition into chloroform, these compounds are designated D-alanyl-lipophilic LTA. The longchained homologues which do not partition into this solvent are designated D-alanyl-hydrophilic LTA. Kinetic time courses of D-["C] alanine incorporation into LTA indicated that both lipophilic and hydrophilic LTA are acceptors for activated D-alanine in the two-step reaction sequence (Brautigan et al., 1981) .
In Streptococcus faecium the elongation of LTA is accomplished by the distal addition of sn-glycerol 1-phosphate from phosphatidylglycerol (Cabacugan & Pieringer, 1981) . This mode of' addition was also established in L. casei from the gradient of label generated in the poly(g1ycerophosphate) chain when toluene-treated cells were incubated with labelled glycerol 3-phosphate in the presence of 100 mM-inorganic phosphate (Taron et al., 1983) . Using the phosphodiesterase IIfphosphatase procedure described above, we detected a gradient of labelled glycerol phosphate in the poly(g1ycerophosphate). This result suggested that a similar approach could be used with labelled D-alanine.
In order to test this suggestion, Childs et al. poly(g1ycerophosphate) chain was not formed. These results are consistent with the conclusion that the D-alanyl ester residues are uniformly distributed along the poly(g1ycero-phosphate) chain of the hydrophilic LTA (Childs & Neuhaus, 1980; Fischer et al., 1980b) .
The absence of a gradient of labelled D-alanine along the poly(g1ycerophosphate) moiety of LTA suggested that D-alanine may be added to LTA in one of two possible modes: (1) the D-alanine is esterified with equal probability to any available glycerol phosphate unit in the chain, or (2) the D-alanine is added to a specific locus followed by redistribution of the D-alanyl ester residues along the polymer. The redistribution of the two isotopically labelled D-alanines may be accomplished by intra-or inter-chain transacylation of the ester residues.
In order to test the hypothesis that inter-chain transacylation of D-alanine occurs, Childs et al. (1985) devised a test sytem that utilizes labelled D-alanyl-lipophilic LTA as the donor and the endogenous, hydrophilic LTA of the membrane as acceptor (Fig. 2a) . The assay for transacylation is dependent on the separation of lipophilic and hydrophilic LTA in the Bligh-Dyer extraction procedure. When D- ['4 ]alanyl-lipophilic LTA is incubated with membranes, a fraction of the D-[''C]alanyl ester residues is transferred from the labelled lipophilic LTA to the hydrophilic acceptor (Fig. 2b) . (Childs et al., 1985) . In ( a ) , A* is the D-alanyl ester residue and G is glycerol.
this transfer of D-alanine is due to elongation of the added lipophilic LTA by endogenous phosphatidylglycerol the following experiment was performed. Lipophilic LTA was labelled in uivo with tritium in the oligo(g1ycerophosphate) and in vino with 14C in the D-alanyl ester residues. In the test system, none of the tritium label of the glycerol was incorporated into the product of transacylation while the 14C label of D-alanine was incorporated into the hydrophilic fraction. Therefore, the incorporation of
alanyl-lipophilic LTA into hydrophilic acceptor was not due to the elongation of D-alanyllipophilic LTA.
Because the hydrophilic acceptor was an endogenous component of the membrane complex, characterization of the product of transacylation was necessary. In common with D-alanyl-LTA, the product was non-dialysable and was eluted at its characteristic elution volume on a Sepharose Finally, the product was precipitated by antiserum containing immunoglobulins directed against poly(g1ycero-phosphate). Each of these experiments supports the conclusion that the hydrophilic acceptor of the membrane in the transacylation reaction is LTA.
In order to test for possible enzyme involvement in the process of transacylation, attempts were made to inactivate a possible transacylase. Trypsin treatment, iodoacetamide treatment, and heat treatment at 65°C for 15 min all failed to inhibit transacylation. In a separate series of experiments, it was observed that transacylation also occurs when the labelled D-alanyl-lipophilic LTA is dispersed with partially purified hydrophilic LTA. These results suggest that the transacylation of D-alanyl ester residues may not be the result of an enzyme-catalysed reaction.
Our results provide a mechanism for the redistribution of the D-alanine residues after their addition to LTA. This redistribution is hypothesized to occur by transacylation of D-alanyl residues via inter-chain and possibly intra-chain transfer. This process of redistribution will make it difficult to distinguish between mechanisms of alanine substitution that involve addition at random and ones that feature addition at a defined locus.
Shabarova et al. (1962) recognized the enhanced reactivity of the alanyl ester residues by vicinal substituents. For example, a phosphate monoester group further enhances the reactivity of the ester when compared with the hydroxyl group. In a similar manner, the phosphodiesler groups of the poly(g1ycerophosphate) moiety may enhance the reactivity of the alanyl ester residues of LTA for the transacylation process. In studying the LTA from Lactobacillus f e m e n t u m , Batley et al. (1981) concluded that the lateral substituents, e.g. D-alanine, have increased mobilities over the glycerol phosphate units in the poly(g1ycerophos-phate) chain. The 31P spectrum of this LTA gives three groups of phosphodiester resonances. After the D-alanyl ester residues are removed, one of the three resonance groups is lost. From these results we might suggest that the D-alanyl ester residue may be transiently linked as a phosphotriester residue to the poly(g1ycerophosphate). This is depicted in the reaction shown in Fig. 3 . In the Although this process of intrachain transacylation has not been experimentally observed, it might be implied from our demonstration of inter-chain transacylation between D-alanyl-lipophilic LTA and D -alanyl-hydrophilic LTA. In inter-chain transacylation it is assumed that the two species of LTA can come into close juxtaposition determined in part by their self-assembly into an LTA micelle. Our results emphasize a unique feature of the D-alanine ester residues of LTA. This feature may be important for the incorporation of D-alanine into wall teichoic acid. As Haas et al. (1984) have described, in the growing cell the D-alanine ester residues of LTA are transferred to wall teichoic acid in Staphylococcus aureus. Thus, at this stage of our understanding it might be appropriate to propose that inter-chain transacylation may play a role in the transfer of D-alanine to wall teichoic acid. It is also interesting to speculate whether this feature of LTA may play a role in the proposed regulatory function of this polymer. For example, perturbation of the D-alanyl ester content by either acylation or deacylation at one location in the membrane could be translated by inter-and intrachain transacylation of the alanyl esters to another location in the membrane. Thus, transacylation may represent a unique way of transmitting a signal from one location in the membrane to another. One of my first projects, as a young post-doc in James Baddiley's laboratory in Newcastle, was an electron microscopic study of the structure of walls of Gram-positive bacteria (Archibald et al., 1961) . We found that stained sections of walls had a trilammelar appearance that persisted even after extraction of all of the teichoic acid. In the quarter of a century since our early study much has been discovered concerning the structure, biosynthesis and function of the component polymers of walls. Our original conclusion that the layered appearance was due to differences in the peptidoglycan has been supported by more recent observations showing that staining patterns in walls may be due more to differences in packing density than to discrete localization of individual wall components (Millward & Reaveley, 1974; Garland et al., 1975; Tsien el al., 1978) ; but information on the arrangement of teichoic acid within the wall and at the surface is still fragmentary. In this paper I shall discuss some of the implications relating to wall structure that arise from our more recent studies on wall assembly and metabolism in bacilli.
Structure and assembly of the cell wall in Bacillus subtilis
It is now accepted that wall assembly in bacilli proceeds by incorporation of new material all along the inner surface of the cylindrical region of the wall and that this then moves to the outer surface during growth (Fan et al., 1975; Archibald & Coapes, 1976; Pooley, 1976) . This implies that both teichoic acid and peptidoglycan are present throughout the entire thickness of the wall, though it does not imply any particular arrangement of the teichoic acid chains. In various published models, both wall and membrane teichoic acid chains are shown as extending radially outwards through the thickness of the cell wall to the outer surface. Such models are not consistent with our finding (Archibald, 1976; Anderson et al., 1978b ) that newly incorporated teichoic acid, attached t o peptidoglycan at the inner surface of the wall, cannot be detected at the outer surface of the bacteria. Equally, earlier reports suggesting that teichoic acid chains are not exposed at the inner surface of isolated walls (Burger, 1966; Birdsell et al., 1975) are not consistent with the demonstration that teichoic acid-specific phages (Archibald, 1976) and ferritinlabelled concanavalin A (Beveridge & Murray, 1976) bind densely to the inner surface of isolated walls of Bacillus subtilis. These inconsistencies point t o the need for a clearer understanding of the differences between the 'inside' and 'outside' regions of the wall and of how surface properties are determined by wall composition and structure. How, for instance, can we explain the dense binding of phages and ferritin-labelled concanavalin A seen at the inner surface while also explaining the observations (Birdsell et al., 1975) that concanavalin A forms a thick fuzzy layer at the outer but not at the inner surface of isolated walls of bacilli?
We have studied surface properties of bacilli containing different proportions of teichoic acid. Bacilli grown under balanced conditions in media containing phosphate at concentrations intermediate between 'limiting' and 'excess' contain intermediate proportions of teichoic and teichuronic acid, and bacilli that contain any desired proportion of teichoic acid, between the maximum and minimum, can be obtained simply by controlling the composition of the medium used for continuous culture (Anderson et al., 1 9 7 8~; Lang et al., 1982) . The total anionic polymer content (teichoic plus teichuronic acid) of these bacteria is nearly constant and particle electrophoresis studies (A. R. Archibald, A. J. Anderson, M. Norton & W.G.
MacMillan, unpublished work) show that surface charge is similar in all samples at pH values greater than 4, though at lower pH values samples that contained diminished proportions of teichoic acid also had less negatively charged surfaces. Phages bind densely to all the individual bacteria grown under balanced conditions and containing only 20% of the maximum content of teichoic acid (Lang et al., 1982) . This shows that the teichoic acid is distributed over all of the individual bacteria in the sample. It also shows that low proportions of teichoic acid can be enough to ensure dense phage binding. We showed earlier (Archibald & Coapes, 1976 ) that the number of phages that can bind to bacilli that are rich in teichoic acid is limited by steric crowding of the adsorbed phage particles and that phage binding to B. subtilis W23 can reach a maximum with bacteria that contain only one-fifth of the maximum content of teichoic acid (Anderson et al., 1 9 7 8~) .
Binding of concanavalin A to B. subtilis 168 increases with increasing teichoic acid content though binding becomes maximal with bacteria that contain only half-maximum teichoic acid content. Though concanavalin A molecules are smaller than phages it appears that binding is limited sterically in this case too (Lang & Archibald 1983) . Nevertheless we have confirmed (unpublished work) the report (Doyle et al., 1975) that partial autolysis increases the
